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CORRELATION OF ISOTHERMAI: CONTOURS FORMED BY PENETRATION OF
JET OF LIQUID AMMONTA DIRECTED NORMAL TO AN ATR STREAM

By David B. Fenn

SUMMARY

An investigation was conducted to correlste the isothermal contour
lines formed downstresm of a single jet of liquid asmmonia directed nor-
mal to an alr stream. Criteria are presented to facilitate the design
of Jjet-engine thrust-sugmentation systems utilizing the inJection of
liquid ammonia to cool the sir at the campressor inlet. Frcm the cor-
relation presented, it 1s possible to construct an l1sothermal contour
map for a single orifice operating within the following range of con-
ditions: s&air wveloclity, 112 to 329 feet per second; air density, 0.024
to 0.070 pound per cublc foot; sir temperature, 534° to 770° R; ammo-
nia jet veloeclity, 63 to 244 feet per second; ammonia temperature, 433°
to 470° R; mixing distance, 4 to 24 inches; orifice dismeter, 0.018 to
0.053 inch. It was verified that the construction of the isothermal
contours formed by a multiorifice inlectipn system may be determined

by simply adding the temperature drops of the overlepping singlie-

orifice contour meps detexrmined from the correlation.

INTRODUCTION

One method of sugmenting the thrust of a turbojet engine is to
cool the air entering or passing through the compressor. Water-
alcohol mixtures have been extensively used as coolants becsuse of
their high latent heat of veaporizetion. The high bolling point of
the water-alcochol mixtures, however, restricts their spplication to
flight conditions for which the inlet-alir temperature is relatively
high, principally teske-off. For low inlet-air temperetures, such as
those encountered during high-sltitude flight in the transonic speed
renge, liquid ammonias is an attractive coolent because of its low
bolling point even though its latent heat of vaporization 1s only
about one-half that of water. However, liquld ammonie would not be
an effective coolant at low altitudes (ref. 1) where the atmosphere
is relatively moist, because 1t combines exothermically with water
to form emmonium hydroxide.
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One of the baslc requirements of an inlet coolant-Injection system
is that it distribute the coolant as evenly as possible in the inlet-
alr stream in order to provide a uniform temperature at the compressor
inlet. It is evident that the penetration and cooling characteristics
of the injected liquid must be known before an adequate injectlon sys-
tem can be designed. In order to provide the needed informsation, an
investigation was conducted at the NACA Lewis laboratory to measure
and to correlate the isothermsl contours formed by the penetration of
a single jet of liquid smmonia directed normal to an ailr stream.

Data for this investigation were obtained at seversl distances
downstream of the point of injection for several orifice diameters
over ranges of ammonia-to-air velocity, density, and temperature
ratios. A correlation of the temperature profile in a plane containing
the axis of the ammonia Jet 1s presented, together with a correlation
of the maximum width of the isothermal contour map formed by the pene-
tration of the jet of liquid ammonis into the air stream. The method of
correlation employed in this investigation is similar to that used Iin
references 2 and 3 to correlate the penetration characteristics of
water and heated-air Jets directed normal to an air stream.

From the correlations presented hereln, it i1s possible (within
the range of varisbles considered) to construct en isothermal contour
map for a particular design epplication and to predict the temperature
gradlents - formed by the injection system. In order to demonstrate s
simple method of extending the single-orifice correlstion to a multi-
orifice injection system, a prediction of the isothermel contour map
formed by a double-orifice system i1s made and compared with experimental
results.

APPARATUS
Alr System

The aspparatus for this investigation was installed in a 2l-1inch- _
diameter duct which wes connected to the laboratory dry- air system as
schematically indicated in figure 1. Four combustor-type preheaters
were used to obtain air temperatures fram 80° to 300° F, and the de-
sired stream velocity and density were established In the duct by
regulating the air flow through the lnlet and exhsust control valves.
The gquantity of air flowlng through the system was measured by a
celibrated A.S.M.E. type orifice located upstream of the Inlet-sir
control valves.
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Ammonis System

Liquid anhydrous asmmonia was supplled at varlous temperatures and
pressures to a single-orifice spray bar which injected the smmonis nor-
mal to the air flow in the 2l1-inch-diameter duct. In order to maintain
the ammonia in its liquid state, the system was pressurized with helium
from tenks connected to the smmonis storage tank (fig. 2). Liquid
ammonis from the storege tank was passed through rotameters and a filter
to the heat exchanger where it was cooled by the evaporation of ammonisa
surrounding the heat-exchanger coils. The temperature of the measured
emmonia flow was controlled by varylng the pressure and, hence, the
evaporation rate of the surrocunding ammonis in the heat exchanger.

The pressurized smmonis from the heat exchanger was passed through
the throttle to the spray bar shown in figure 3. In order to prevent
heating of the ammonls es it flowed from the heat exchanger to the
gpray oriflce, the connecting lines were insulated. The temperature
of the liquid ammonis was measured by means of a thermocouple in-
stalled within the spray bar close to the orifice. The three single-
orifice spray bars investigated had orifice diameters of 0.018, 0.028,
and 0.053 inch. In addition, & two-orifice spray bar was used which
was similar to the single-orifice bars except that it had two 0.031-
inch~diameter orifices 1 inch apart.

Tegt Section

The spray bar waes located 5 inches from the bottom of the duct
with the orifice directed upward on the vertlical center line of the
duct. In order to determine the ilsothermal contour lines formed by
the ammonis Jjet, a twin-armed swinging rske equipped with aspirating
thermocouples was installed in the duct (fig. 4). The thermocouple
probes were pointed downstream to prevent droplets of liquid ammonia
from contacting the thermocouple Jjunctions, and the rgke body was
connected to the laboratory exhsust system to provide a continuocus
flow of ges through the thermocouple probes. A detailed sketch of
the asplrating thermocouple probes is shown in figure 5. The mixing
distance between the spray bar and the swinging survey rake was variled
by altering the axisl location of the spray basr in the duct.

Other instrumentation 1n the test section provided for the meas-
urement of duct static pressure by means of three wall static taps 30
inches upstreem of the survey rake (fig. 4) and the meassurement of
totael air temperature with an 8-inch immersion thermocouple in the
8-foot straight section upstream of the survey rake.



4 RACA RM E53J08

CORRELATION PROCEDURE

Characteristics of Isothermal Contour Maps

Frcam the temperature surveys made with the swinging rake desecribed in

the previous section, maps of constant temperature drop were comstructed
to define the penetration end cooling charascteristics of the Jet of lig-
uid ammonia. Semples of these isothermal contour maps are presented in

figure 6 for a renge of air velocities. The slight displacement of all

the contour meps fram the vertical center line of the duct is attributed
to some residual whirl of the air in the duct. It is belleved that the

experimental results obtained during this investigation were unaffected

by the slight displacement of the isothermal meps.

In order to achieve a correlation of these isothermal contours, it
wes necessary to establish a method of defining the mep In terms of 1ts
geometric dimensions. Accordingly, the maps were considered to be sym-
metrical sbout an axls containing both the maximum depth of penetration
and the maximum temperature drop. It wes decided that the lsothermal
contour mep could be approximated if two temperature profiles, one along
the exis of symmetry and one through the center of the map perpendicular
to the axis of symmetry, were known. The axes of these temperature pro-
files are shown as dashed lines in figure 6.

A sketch of an isothermal contour msp together with the temperature
profiles exilisting along and perpendicular to the axis of symmetry is
presented in figure 7. (The symbols used in figure 7 and elsewhere in
thig report are defined in appendix A.) The temperature profile along
the axls of symmetry can be closely aspproximated by three straight
lines as 1llustrated by figure 8, where typical temperature profiles
are presented for a range of air veloclties. The agreement between
the tangents and the actual temperature proflile along the axis of sym-
metry was particularly good on the upper portion of the profile. The
center line of tne spray bar was chosen as the datum line of this tem-
persture profile, and the dimensions which will be correlated to define
it ere: ¥y, ¥a, ¥z, Ya, and AT, (fig. 7).

The temperature profile In a dlrection perpendicular to the axis
of symmetry was obtained by cross-plotting from the isothermal contour
map. These cross plobs revesled that this tempersture profile could
be closely approximsted by assuming & linear variation of temperature
between the isotherm for a tempersture drop of 5° F and that for maxi-
mum tempersture drop ATp. It was further cbserved that the isotherm
of maximum temperature drop ATp could be considered to be circular

(xz =y3 - ¥4 in fig. 7). Therefore, the only dimension required to

complete the correlation of the isothermal contour map is the distance
between lines of 5° F temperature drop (x;).
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Derivation of Correlation Equation

The dimensionsl analysls and experimental results of references 2
and 3 indicate that an equation of the form

a b c

—J __x (Ei) (EQ) (__§___. (1)

/€ Dy Yo/ \Po/ \A/T D;
mey be used to correlete the penetration charscteristics of water and
heated air Jets directed normal to an air stream. The injection of
liquid emmonia into an air stream, however, Introduces an added com-
plication in that the smmonis changes rgpidly from the liquid to the
gaseous state after injection. The evaporation rate of the liquid is
dependent upon its vepor pressure and the conditions of pressure and

temperature existing 1n the ailr stream. Because the vapor pressure
of the liquid is & function of the liquid temperature TJ, and because

the air temperature can be varied independently of the alr density, an
additional dimensionless ratio Tj/To was added to equation (1). The

resulting correlation equetion was then written as follows:

a b c d
v K(.‘h) °_J) (‘_“1) s (2)
+/C Dy Yo/ \Po/ \To/ \4/CT Dy
Equation (2) was used to correlate the linear dimensions (y1, Yo, ¥3»
¥4, and xl) of the tempersture profiles slong and perpendicular to
the axis of symmetry of the contour mep (fig. 7). In order ito cor-

relate the msximm temperature drop AT, occurring at the center of
the contour map, the correlation equation was written in the following

form:
N
To-T; (Vo po/ \To (4/6 DJ) =)

The general procedure followed in obtaining the data for this in-
vestigation was to hold three of the terms on the right side of the
correlation equation constant and to determine the variation of the
remaining term with the guantity being correleted. In this msnner,
the exponent of each term in the general correlstion equation was
evalueted for each of the dimensions correleted. The data obtained
in this investlgation are presented in teble I and include the fol-
lowing resnge of variables:
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Varisble _ e - Range
Air velocity, ft/s8ec « ¢« v v « 4« 4 ¢ v v e et 4 4 e 4 4 e . . . 112-329
Air density, Ib/cu ft . . . . . . . . . 4 4 4 4 4+ e . . . 0.024-0.070
Alr temperature, R . . & . & ¢ v + ¢ 4 4 4 e 4 e e 4 e+ e . . 534770
Ammonis jet velocity, ft/sec . . .« . . . . . . . . 0 . . .. . . 63-244
Ammonia temperature, SR . . . + + v . 4 4 v 4 4 e s s o4 e s s . 4332470

Mixing distance, dn. . . « v & + v ¢ v 0 v e e e e e e e e e .. 4-24

Orifice diameter, in. . . . . . « . « ¢« ¢« ¢« & « & . 0.018-0.053 -
3R]
The methods of calculation used in this investigation are presented Si_
in appendix B.
EVALUATION OF EXPONENTS AND CONSTANTS
Correlation of Temperasture Profile Along Axis of Symmetry -

Boundary dimension y;. - The distance between the spray-bar cen-

ter line and the intersection of the upper bounding tangent of the tem-
perature profile along the axls of symmetry of the isothermal contour
mep with the line of zero temperature drop wes defined as yy (fig. 7).

The correlation equation for the bounding dimension y; was
written as follows:

N (B) (B_J_)b (TJ)( s \® "
+/C Dy Yo/ \Po ~/C Dy
The exponent of the velocity ratio V /VO was determined by holding
the remsining terms of equation (4) constant and plotting the varia-
tion of the penetration parameter yi/4/C Dy with the velocity ratio
on logarithmic coordinates as shown in figure 9(a). Data are shown
for two density ratlos, each set of which may be represented by a

straight line having a slope of 0.77. The exponent of the velocity
ratio is therefore 0.77. The exponent of the density ratio pJ/po

was determined in a similar manner for two temperature ratios, and an
exponent of 0.53 was obtained (fig. 9(b)). The effect of the temper-
sture ratio on the penetration parameter y;/~/C Dy is illustrated in

figure 9(c) for two density ratios. In order to maintein the am-

monia in 1ts liquid state in the spray bar, the temperature of the

ammonia wes restricted in this Investigation to a range of from

433° to 470° R. Although the range of Ty is not large, it covers -

all ceses of practical interest. The exponent of the tempersture
ratio was found to be 1.1 (fig. 9(c)).
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The effect of the ratio of mixing distance to effective diameter
was obtained by plotting the quantity

(yl/A/E DJL/(VJ/VO)O'77 (pj/po)0-§3 (TJ/TO)l-l as a function of

S/a/C Dy on figure 9(d). These data include three mixing distances

and three orifice diameters and may be approximately represented by
a line with & slope of 0.72.

The remaining unknown required to complete the correlation of the
penetration parameter yi/A/C Dj is the coefficient K;. In evalu-

ating this coefficient, the penetretion parsmeter was plotted as a
function of the quantity (VJ/VO)0'77 (pj/po)°-53 (TJ/TO)l'l (s/a/C 133)0-72

(fig. 9(e)). Substitution of coordinate valuee into the correlation
equation ylelded a value of K; equal to 0.214. The working equation

for the boundary dimension ¥y is then

0.77 0.53 1.1 0.72
L AP (V_J) (&1) (El) -5 (s)
+/C D3 Yo Po To A/C Dj

Boundary dimension yp. - The distance between the spray-bar center

line and the intersection of the lower-boundary tangent of the tempera-
ture profile slong the axis of symmetry with a line of zero temperature
drop was defined as y, (fig. 7). However, because the dimension Yo
becomes negative under certain conditiomns, the quantity

(yl - yz)/«/c D'j was chosen as the lower-boundary defining parameter.
By a process similar to thet used to correlate the penetrstion param-
eter Y1/A/E.Dj: the following equation was developed:

oY (El)o.so (9_3)0.45 (5)11( g \0-72 ©
4/C Dy 2\ Po To ~/T Dy

The lower-boundary parsmeter (yl - yz)/A/E Dj 1s presented as a func-
tion of the right side of equation (6) in figure 10. Substitution

of coordinate values fram figure 10 into equation (6) yields & value
of Kz equal to 0.317, and equation (6) beccmes

- v.\0-6 0.45 fm\1.1 0.72
u = 0.317 (V_J) (ﬁ) (TJ.) -5 (7)
4/C Dy 0 o 0 ~/C Dy
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Maximum temperature drop AT,. - The maximum temperature drop oc-

curring at the center of the isothermal contour msp must be known before
a temperature profile along the axis of symmetry (fig. 7) can be con-
structed. The dimensioniess parameter selected for this correlation
was Al /(Tq - Tj): and by a process similar to that previously de-

scribed the following correlation equation was developed:

ATy B XQ)O.s (Ei)l.o (21)4.0 s -0.9
T, -0y % (Vo PO To (—\/E DJ) (8)

The maximum-tempersture-drop parameter Amm/(To - Tj) 1s presented

a5 a function of the right side of equation (8) in figure 11 to deter-
mine the value of Ki. The value of Ky as determined from figure 11

is 0.838, and equation (8) may be written as

AT ¥.\0-6 [5,\1-0 /T.\4.0 g \-0-9
mr o () @)@ () ©)

Boundary dlmensions yz and y4. - The distences between the
spray-bar center line and the intersections of the upper and lower
tangents of the temperature profile aelong the axis of symmetry with
the tangent to the point of maximum temperature drop were defined as
¥z end y,, respectively (fig. 7). It was found that yz and vy,
could be correlated with y; as illustrated in figure 12. Although
these correlations sre not rigorous, they afford a simple determina-
tion of these dimensions when y; has been found fram the general
equation. ;

Correlation of Temperature Profile Perpendicular
to Axis of Symmetry

The temperature profile along a line through the center of the
igothermal contour map perpendiculsr to the axis of symmetry may be
approximated if the dimensions X3, Xy, and AT, are known (fig. 7).
A correlstion of the maximum tempersture drop AT, is presented in
the previous section. The dimenslion xp can be assumed to be equal
to ¥z - y4 as discussed 1n the sectlion CORRELATION PROCEDURE. The
distance x; perpendicular to the axis of symmetry between lines of

5°F temperature drop 1s therefore the only sdditionsl dimenseion re-
qulred to complete the correlation of this temperature profile. The

2933
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isothermal contour maps possess a similarity of shene which permitted a
correlation of the maximum horizontal width parameter xi/Dj as a func-

tion of the previously correlated parameter (y; - yz)/Dj. This corre-

lation, which is presented in figure 13, affords a simple spproach to
the solution of deslign problems.

APPLICATICN OF CORRELATION

The correlstion presented provides a means of predicting the iso-
‘thermsl contour mep formed by a single jet of liquid ammonias directed
normel to0 an air stream. In order {to design a multiorifice injection
system from this correlation, two assumptions cen be made: (1) The
temperature drop at any point within the ammonia spray field is pro-
portionsl to the quantity of ammonia present, and (2) the effects of
droplet impingement are negligible. Naturally, the assumption that
the temperature drop is proportiocnal to the quantity of ammonis pre-
sent fails when the alr becames saturated with ammonia. Figure 14
shows the limiting temperature drop obtainsble by saturating dry air
with emmonia; the temperature drops indicated cannot be exceeded.

To substantiate the two assumptions, data were obtained from a
double-orifice spray ber, and a prediction of the resulting isothermal
contour msp is mede from the single-orifice correlation. For the con-
ditions under which the two-orifice data were obtained, temperature
profiles selong and perpendicular to the exis of symmetry for a single
orifice were constructed from the correlation and are presented in
figures 15(a) and (b). An isothermal contour msp for the single ori-
fice was then constructed by fairing the isotherms between points of
known temperature along and perpendicular to the sxis of symmetry.
The two such single-orifice contour maps presented in figure 15(c)
ere displaced from each other by a distance equal to the spacing of
the orifices on the double-orifice spray bar. The contour map for
the double-orifice system was then constructed by adding the tempera-
ture drops of the overlapping single-orifice maps. As an ald to the
cambining of the overlapping meps, a camposite temperature profile
perpendicular to the axis of symmetry was constructed (fig. 15(d))
by edding the temperature drops (AT) of two single-orifice tempera-
ture profiles displaced from each other by the distance between ori-
fices. The isothermal contour map predicted 1n this manner for the
double-orifice injection system is represented in figure 15(e) by
solid lines, which are in good azgreement with the experimentally
measured contour map represented by dashed lines. To compenssate
for the slight whirl present in the duct, the experimental contour
map was rotated so that its axis would coincide with that of the
predicted contour msp. It is believed that with the assumptions
made to predict the isotherm=l contours formed by = multiorifice
injection system sufficiently accurate resulis for most engineering
designs cen be obtained.
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CONCLUDING REMARKS

An empirical correlation was developed by means of which the iso-
thermal contour lines formed downstream of a slngle jet of liguid am-
monia directed normsl to an air stream can be predicted. From this
correlation, the isothermsl contour lines formed by a multipliecity of
ammonia jets can be spproximsted with sufficient accuracy for most
engineering eppllcations.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, November 9, 1953
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

a,b,c,d
e,f,g

grea, sg Tt

coefficient of discharge

diameter, in.

acceleration due to gravity, 32.16 ft/sec2
coefficient

static pressure, lb/sq It abs

gas constant for air, 53.4 £t-1b/(1b}(°R)

mixing distance between spray bar and swinging survey rake,
in.

indiceted temperature, °R

difference between alr-stream temperature and temperature &t
same point within the ammonia spray field, °F

velocity, £t/sec
weight flow, 1b/sec

dimension normal to axis of symmetry of isothermsl contour
mep, in.

dimension along axis of symmetry of isothermal conbtour map,
in.

density, 1b/cu £t

exponents
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Subscripts:

i ideal conditions -

J conditions in ammonia Jet

m maximum condition ; ——
t temperature correlation "
0 conditions in air streasm §

1,2,3,4 linear correlations (see fig. 7)
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METHODS OF CALCULATION

Alr density was calculasted from the equation of state:

Po

p =
0 = ReTg

where the value of Ry was taken as 53.4 f£t-1b/(1b)(°R).

ib/cu ft

The velocity of the air stream Vg was computed from the air
density pgp and the measured air flow by the continuity equation

W
Vo = ——9—-ft/sec

Poho

Properties of liguid ammonis were obtained from reference 4 asnd
the Jet velocity was calculated from Bernoculli's equation

P o

where VJ 1s the ideal velocity of a liquid Jet lssuing from an
orifice.

The coefficient of discharge of the orifices was defined a= the
ratio of the measured to the idesl emmonis flow. Ideal ammonis flow
was calculated from the followlng equation:

PJ - Po

P
where Aj 1s the physical ares of the orifice. Measured values of
the coefficient of discharge are presented in table I.

Wi = Pshyn [CB

13
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TABLE T - AMMONIA INJECTION DATA

2]
Ny
()] Amonia Alp jA=Tonia| Air |Acconia Alr |[Mixing]Veloc-| Den- | Temper- Mixing V& Penetra-|i3-yo| 4%, | ¥3.] Ferj XL DJ,
[aN] Jat velog-| den- | den- |temper- [temper-| dis- ity sity ature distance tion pa-~ W T} tn.| in.}{D, in.
veloeity,| ity, | sity, | sity, jature, ahégo. t-a.l;tu, ra‘f;io, ratio, ra;io, paran ter, ter, -l et ]
Vir or Pys Pa» e N » L3 ¥y
tt/ice ft/seclb/ou fehibikurt of °R. in. vé Po q-g' VT, V20,
134 112 41.2 [0.0548 484 5435 14 1.028 781 0.654 874 0.841 £70 441 10.35%0{10.8|10.4 | 19€]0.029
117 185 +1.1 0544 485 545 -634 756 853 587 -852 413 377 J882] 8.1] 7.2 183
118 227 41.2 0563} 482 544 . 7 819 S78 -835¢F 334 334 6.0 5.3 | 187
115 324 4£1.2 084 4E4 543 354 758 883 573 843 245 &2 431} 3.7| 3.1 )17
53.8 327 4£0.9 0541 470 543 274 757 862 €16 - 218 224 ====f 5.8] 1.7 {152
105 526 41.0 J0541| 468 5435 -321 759 5862 820 240 261 440 5-% 2.7 | 182
159 327 41.4 <0541 459 843 188 766 <848 615 785 307 329 «512] 4. 5.7 | 186
1X4 145 42.0 -0699 418 545 .792 &00 =821 882 =815 484 4e4 848 8.8] 7.6 | 198
113 178 2.0 08951 444 B43 634 605 818 5 B18| 407 337 857 7.0| 6.3 | 168
113 2535 42.0 20698 444 543 445 &035 .818 584 8131 258 7€ 5381 4.6| 3.9 | 162
682.8 251 41.9 0698| 443 543 251 .818 E40 7551 168 210 «380| 2.8] 2.0 | 1SS
6.9 258 41.9 +0899 443 S42 +330 599 «617 s82 018 268 292 ~404] 5.5] 2.4 | 185
S 42.0 0699 444 542 485 602 «819 -3:0) 815 282 3035 .520{ 4.5 3.9 | 185
182 254 42.1 0700 ~2 541 «637 602 817 624 73 Yid 330 8368] S.0| 4.3 | 167
184 254 42.0 0701 139 641 «T28 600 821 618 ~T83] 34T 330 .588] 5.2] 4.3 | 188
- 208 254 42.0 JOT01] 445 541 818 599 823 502 +802 344 331 877 5.0| 4.7 {179
96.1 | 210 2.4 0284) 4368 S51 4 453 | 1492 791 G894 «827} 462 383 .939{ 8.7] 8.3 | 238]0.029
ag.0 182 42.5 .0598 434 851 500 1cas 788 586 «539 390 332 JT70L| T.TH 7.0 | 194
358.3 187 42.4 «04 435 552 498 880 ~788 S82 8181 X7 271 +462| €.3| 5.6 {1869
7.4 198 42.4 0581} 43§ 552 492 730 «790 Ba7 822 323 283 +405] S5.3| 4.8 {2172
" 897.7 13¢ 42.3% 0876 439 882 4988 826 ~T88 587 822 Z89 2681 .345] 4.8] 3.9 | 188
89.8 | 184 42.0 <0240| 444 661 .48@ 1782 672 538 . 440 410 .600{10.01 2.5 | 152
81.7 { 197 £2.0 Q 445 €82 486 | 1400 872 5581 8167 385 309 8.5 8.5 [ 148
92.5 { 187 42.0 03598| 444 -] «&70 1086 6687 599 «819 337 288 .309] €.8] 5.9 } 145
g2.2 197 42.0 «O4 445 €81 489 658 «873 580 «813 284 244 318| 5.5] 4.5 | 134
921.5 194 42.0 L0568 444 €64 371 740 «B69 588 824 289 &Te «325] 5.3| 5.0 | 148
88.5 308 41.2 0480 463 552 kL) -35189 688 «8359 628 « 768 245 T4 3.9t 2.9 | 152|0.028
73.3 2958 41.2 0494 462 885 284 356 «EFS &30 766 <1€ 225 2.9} 2.5 |13«
98,4 293 41.2 <0493 464 1l 315 838 6853 &72 718 208 .8 2.1 | 124
8l.6 | 280 41.2 ) 482 785 317 631 . [=3:0.] -535] 176 183 2.7) 2.3 | 114
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Figure 3. - Schematic disgram of ammonia spray-bar.
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Flgure 4. - Schematic diagram of swinging temperature-survey rake.
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{a) Air velocity, 112 feet per second.

Figure 6. - Typical isothermal contour maps determined for range of air velocities.
Ammonis velocity, 82.7 feet per second; air density, 0.054 pound per cubic foot;
ammonia dentisy, 41.2 pounds per cubic foot; alr temperature, 544° R; emmonia tem-
perature, 464° R; mixing distence, 14 inches; and orifice diameter, 0.029 inch.
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(b} Air velocity, 183 feet per second.

Figure 6. - Continued. Typical isothermal contour maps determined for range of air
velocitles. Ammonia velocity, 82.7 feet per second; alr density, 0.054 pound per
cubic foot; ammonie density, 41.2 pounds per cubic foot; elr temperature, 544° R;

ammonia temperature, 464° R; mixing distence, 14 inches; and orifice diameter,
0.029 inch.
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Figure 6. - Concluded. Typical isothermal contour mape determined for rsnge of eilr
velocities. Ammonie velocity, 82.7 feet per second; salr density, 0.05¢ pound per
cubic foot; ammonie density, 41.2 pounds per cubic foot; alr temperature, 544° R;
smmonia temperature, 464° R; mixing distance, 14 inches; and orifice diameter,
0.029 inch.
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Figure 7. - Dimensions selected for correlation of isothermal contour mep formed by injec-
tion of liquid smmonia normal to alr stream.
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with respective bounding tangents for range of alr velocities.

velocity 82.7 feet per second; air density, 0.054 pound per cubic foot;

Ammonia

smmonia density, 41.2 pound per cuble foot; elr temperature, of 544° R;
smmonia temperature, 464° R; mixing distence, 14 inches; and orifice

dismeter, 0.029 inch.
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Figure 15. - Prediction of isothermal contour masp for
double~orifice injection system. Velocilty ratio,
0.52; density ratio, 741; temperature ratio, 0.82;
nixing distance to diameter ratio, 560.
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Figure 15. -~ Continued. Prediction of isothermal con-
tour map for double-orifice injection system. Veloc-
ity ratio, 0.52; density ratic, 741; temperature
ratio, 0.82; mixing distance to diesmeter ratio, 560.
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Figure 15. - Continued. Prediction of isothermal contour map for double-
orifice injection system. Velocity ratio, 0.52; density ratio, 741;
temperature ratio, 0.82; mixing distance to diameter ratlo, 560.
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(e) Comparison of predicted snd experimeptal isothermal contour maps
double-orifice injection system.

Figure 15. - Concluded. Prediction of l1sothermsl contour map for double-
orifice injection system. Velocity ratio, 0.52; density ratio, 741;
temperature ratio, 0.82; mixing distance to dlemeter ratio, 560.
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